This paper concentrates on the analysis of the life cycle of the low level jet (LLJ) during a summer Chaco Jet event. This is accomplished through the use of the Eta/CPTEC (Centro de Previsão del Tempo e Estudos Climáticos) regional model, in order to obtain high temporal and spatial detail of the main processes taking place.
Introduction
In recent years there has been a significantly increased interest in the study of the South American low level jet (SALLJ) as a fundamental component of what has come to be named the 'South American Monsoon System'(Nogués- Paegle et al. 2002; Zhou and Lau 1998 ).
The increased number of studies related to the large scale characteristics of the SALLJ can be partially explained by the availability of analyses and/or reanalyses (i.e., those generated by the
National Centers for Environmental Prediction -NCEP-or the European
Centre for Medium Range Weather Prediction -ECMWF-). These data sets have also been widely used to describe SALLJ role in the South American climate -particularly in the warm season -and its impact on the hydrological cycle of the La Plata Basin (James and Anderson 1984 , Sugahara et al. 1994 , Rasmusson and Mo, 1996 , Nogués-Paegle and Mo, 1997 , Nicolini et al. 2002 , Marengo et al. 2004 , Liebmann et al. 2004 , among others).
Although there can be found papers based on observational data which mention and/or document the existence of the SALLJ, the fact is that the limited observational network in the region where this current attains its highest intensity, limited previous studies to particular areas close to the synoptic stations (Fernández and Necco 1982; Berri and 5 Inzunza 1993) or the PACS-SONET special observation network (Douglas et al. 1998; Marengo et al. 2002) .
On the other hand, some regional NWP models were able to capture the essential features of the SALLJ and accordingly some of its smaller scale features as well as its diurnal cycle and associated precipitation Berbery and Basin (Seluchi and Marengo, 2000) and increasing precipitation at the exit area of the jet. Previous studies also show that, although the SALLJ is an almost permanent pattern in the summer circulation, its meridional extension is highly variable. Salio et al. 2002 and Saulo (2004, manuscript submitted to J. Geophys. Res.) , recognized that the SALLJ penetration toward high latitudes is associated with a deepening of the Northwestern Argentinean Low (NAL) and with a negative geopotential anomaly immersed in mid latitude baroclinic wave trains. The particular SALLJ episodes that exhibit a marked southward penetration have been called Chaco Jet Events (CJE). The CJE criterion requires that the maximum wind intensity be located at some level between surface and 850 hPa.
immediately east of the Andes, and be equal or greater than 12 m s -1 , 6 originate in low-latitudes and extend to at least 25°S. The criterion also imposes a constraint on the vertical shear: wind speed differences between 850 and 700 hPa and/or between 900 and 700 hPa must be larger than or equal to 6 m s -1 in the region encompassed by the 12 m s -1 isotach.
Although understanding the mean characteristics of the SALLJ, and particularly those of the CJEs, was relevant -mostly in order to understand their impact on the South Eastern South America (SESA)
climate -it is also of interest to progress in the study of the atmospheric boundary layer mechanisms operating during the CJEs and the way in which they are controlled by the synoptic scale patterns.
Due to the lack of high resolution observational data in the region, the use of numerical models greatly facilitates this type of analysis. The work by Seluchi et al. 2003 on the analysis of the NAL and its life cycle during two cases of CJEs using the Eta/CPTEC (Eta regional model run at Centro de Previsão del Tempo e Estudos Climáticos) regional model is an example of the proposed approach. In this case, the Eta/CPTEC model proved to be a satisfactory tool for identifying the distinctive signs of these events.
In the summer case-study conducted by Seluchi et al. (2003) , it became evident that the thermal low-pressure system is markedly controlled by surface warming thus exhibiting a striking diurnal cycle which is detectable, not only by the evolution of the surface pressure, but also by the associated circulation. However, they also 7 demonstrated that NAL deepens in response to the approach of an upper level trough at the same time that the low level winds increase their penetration toward higher latitudes. The observed behaviour suggests that the exceptional meridional extension of the CJEs, compared with those of the SALLJ and other low level jets (Stensrud 1996) , is a response to a combination of tropical circulation and midlatitude dynamics, efficiently channelled by the Andes. This is a distinctive characteristic of the South American jets which corroborates their primary role in transporting moisture across the region.
This paper concentrates on the analysis of the life cycle and forcing of the low level jet in the summer Chaco Jet event previously studied by Seluchi et al. 2003 . In this way, progress over preceding results is achieved by attempting to evaluate how much of this CJE has a geostrophic origin (i.e., due to the deepening of the NAL or of the Chaco low) and how much is in response to local effects (i.e., diurnal oscillations). The objective is to obtain a more detailed understanding of the timing of this jet in relation to that of the NAL. Likewise it advances toward a more detailed description of the effects of topography and differential warming on the evolution of this current.
The paper is organized in the following manner: section 2 briefly describes the model employed; the synoptic evolution, with emphasis on the description of low level circulation and the occurrence of LLJ, is included in section 3; section 4 advances in the detection of local 8 forcing acting upon the system, whilst section 5 discusses larger scale forcing. Section 6 is a discussion of the results.
2. Brief description of the Eta/CPTEC model and adopted settings
One of the most prominent characteristics of the Eta/CPTEC regional hydrostatic model is the use of the 'eta' vertical coordinate (Mesinger 1984) adopted to reduce the numerical computation problems associated with the pressure gradient force, advection and horizontal diffusion calculation over abrupt slopes.
The model has 38 vertical layers with variable thickness so as to provide better vertical resolution close to the surface and, to a lesser degree, in the proximity of the tropopause. Model topography is represented in the form of steps whose horizontal surfaces coincide with each layer limit. The height of each step is obtained as a mean of the maximum altitudes of the topography within each square of the grid.
Model equations are written on an Arakawa E grid (Arakawa and Lamb, 1977) , where the distance between two adjacent mass or momentum points define the grid resolution. In its operative version, which is the one used in this paper, the Eta/CPTEC is integrated with a horizontal grid spacing of 40km.
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The temporal integration scheme is split-explicit, where the advective terms and those linked to inertia-gravity waves adjustment are considered separately. Model time step is half of that used for the advective terms (96 seconds in the operative version).
The physics of ETA/CPTEC includes parameterizations for explicit synoptic scale precipitation (Zhao et. al. 1991) and convective scale precipitation according to Betts and Miller (1986) method modified by Janjic (1994) . The turbulent exchanges are represented by an updated Mellor and Yamada (1974) scheme (Black 1994) , that uses a 2.5 order closure within the boundary layer and in the free atmosphere, and a 2.0 order closure at the levels closest to the ground. The heat and humidity fluxes at the surface are resolved according to Monin-Obukov's method.
Short wave and long wave radiation processes are represented by Lacis and Hansen (1974) and Fels and Schwartzkopf (1975) algorithms respectively. For greater details on model parameterizations the reader should consult Staudenmaier (1996) .
For the case under study, as in the paper by Seluchi et al. 2003, both the initial and boundary conditions (provided every 6 hours) are taken from the NCEP global analyses. The model was employed in the same domain as its operative version, which is illustrated in Figure 1 , and the experiment was started at 0000 UTC February 25, 2000 and ended after 72 hours of simulation. The reader can refer to Seluchi et al. 2003 , to see model ability to represent the key aspects of the system under study. It is considered that model performance is good enough to develop the analysis proposed by this study.
3. Temporal evolution of the low level jet.
Although the synoptic evolution characterizing this event was analyzed in detail by Seluchi et al., 2003 , it is interesting to re-evaluate the surface and upper-level circulation aspects which contribute to specifically portray the behaviour, evolution and location of this particular LLJ event. The new system (LLJ-NAL) is visible in Fig. 2a accompanying a deep NAL whose signal is more evident during the warm hours (local time at 64ºW corresponds to UTC-4 hours). In Fig. 2b there can be seen two areas where Bonner criterion 1 is strictly met (i.e. LLJ-ALT and LLJ-NAL), immersed in a well organized and intense northerly wind current which meets the condition to be classified as a CJE. This system weakens in the following hours and by 2100 UTC of the same day, reorganizes and intensifies progressively ( Fig. 2c ). This occurs concomitantly with a deepening of the NAL, which is accompanied by the LLJ in its propagation toward lower latitudes, consequent to the entrance of cold post-frontal air, starting at 0000 UTC of February 27
( Fig. 2c and Fig. 2d ).
In order to complement the description of the low level circulation previously shown, the circulation at 250 hPa is synthesized in Figure 3 .
A jet-streak can be identified north of the westerly upper level jet, and its location appears to be favourable for a dynamic coupling between the upper level jet and the LLJ-NAL. This kind of coupling effect was initially described by Uccellini and Johnson (1979) who showed that the exit zone of the jet-streak produces a meridional ageostrophic circulation (e.g. with positive sign in the Southern Hemisphere) that could organize a low level jet in the opposite direction (e.g., northerly in the Southern Hemisphere) by the development of an indirect cell. In the present case, the observed circulation pattern could favour this type of mechanism, particularly at 0600 UTC of February 26 (not shown). It can also be detected both in Fig. 3a as well as in 3b where the maximum LLJ-NAL ( Fig. 2a and Fig. 2c ) is positioned exactly in the region downstream of the jet streak maximum (though the corresponding exit region is weak in Fig 3b) . The presence or absence of this effect will be discussed in subsequent sections.
Analysis of Figures 2 and 3 shows certain independence between
LLJ-ALT and LLJ-NAL during the first day of the simulation with a gradual tendency to fusion on the second day (while maintaining individual maxima) concluding as a single current by the end of the period. In both cases there is a change in the spatial scale of the event which is in agreement with its temporal evolution, beginning with locally identifiable LLJ signatures and ending as a synoptic scale feature.
The LLJ-NAL seems to be more closely related to the strength of the NAL and its oscillations throughout the period of study. At the same time, its position with respect to the upper level jet, suggests a dynamic coupling between upper and lower layers. Both the LLJ-ALT and the LLJ-NAL exhibit a diurnal cycle which is clearer during the two first days of the simulation with maxima at different hours, displaying a sustained increase afterwards.
13 Figure 4 shows the timing of both jets at particular points (indicated by crosses in Fig. 1 ), and the time evolution of the 850 hPa height and geostrophic v-wind. The choice of these points is motivated by the need to evaluate the LLJ behaviour at different latitudes and to detect its sensitivity to the proximity of the Andes in the west-east direction. Similar cross-sections were performed at various latitudes and longitudes, the selected points being the most significant for this analysis.
On first inspection of the temporal evolution at different locations, northerly winds come out in conjunction with a decreasing tendency of the geopotential height during the first two days. This negative geopotential trend, as expected, is much more noticeable at higher latitudes. A diurnal cycle is superimposed with the height tendency, thus producing an attenuated drop of the geopotential heights during the relatively colder hours. This is clearly observed in all the panels between 0000 UTC and 1500 UTC on February 26, when the geopotential height evolution is distinguished either by an increase ( If the analysis is limited to the strict occurrence of LLJ (see detail in Fig. 4 ) the latter are fundamentally circumscribed to the points closest to the orography (panels on the left), at least during the first day and a half of the simulation. While theory would predict that the time of the maximum jet should become progressively earlier as one proceeds poleward (Blackadar 1957; Bonner and Paegle 1970) , and also states the nocturnal preference for this phenomenon, this can not be conclusively stated in this particular case. The timing of some LLJ episodes immersed in the northerly prevailing flow, can be associated to the referred theory, but some other do not (i.e., the first event in Fig.   4a is detected between 8 and 11 AM local time).
The timing of the LLJ (considering both intensity and shear) does not reflect the timing of the oscillations of the northerly wind intensity alone. In the cases of LLJ-NAL, for example, the intensification of the north wind can be linked to the deepening of the thermal low which, unsurprisingly, becomes more intense at nightfall following the maximum heating hours.
After 1200 UTC February 26, the expected nocturnal preference is not distinguished: an important LLJ is observed around 2100 UTC February 26 at 29ºS (Fig. 4e) , which is detected subsequently at almost all points (observed in a SW-NE direction). This LLJ is associated with the time of minimum geopotential heights for the whole period, particularly at 25º and 29ºS.
Meanwhile, the stations located far from the mountain range, do not show meet the LLJ criteria during the first day and a half, except the event between 0600 and 1200 UTC of February 26 at 63ºW, 29ºS
( Fig. 4f) , which, in its turn, is strongly controlled by the negative height tendency during this time. It is interesting that during February 27 the stations located toward the east tend to produce an important northerly jet which is very close to satisfying Bonner's criterion in shear, while they exceed it in wind magnitude (see figures 4b, d and f).
The presence of southerlies at 29ºS coincident with LLJ occurrences at 25ºS and 19º, suggests a relationship between these LLJs and the progression of the front, denoting a prefrontal regime with strong northerly winds north of 27ºS and a postfrontal one to the south.
The latter becomes evident through an increase in the geopotential height that propagates from the SW to the NE (see Fig. 2d ).
Analysis of the thermal structure near The Andes slopes
There are a number of papers which refer to the Low-level Jet in the North American Great Plains where different forcing acting on these jets were studied. In principle, and given the fact that there are no similar studies related to the LLJ east of The Andes (with the exception of the study under ideal conditions presented by Paegle, 1998) , it is interesting to analyze which of the mechanisms known for the Northern
Hemisphere LLJ, are identifiable here.
Besides the above mentioned role of friction in the diurnal oscillation within the PBL (Blackadar, 1957) , other studies demonstrated the existence of a mechanism associated with differential warming over sloping terrains which could influence the intensity of the LLJ (Holton 1967 , McNider and Pielke 1981 , Zeman 1979 . On the other hand, and beyond local effects, different authors ( The combination of these effects leads to a super-geostrophic wind at night.
Vertical cross sections of potential temperature, v-wind and its geostrophic component at different hours and latitudes are presented to evaluate the incidence of effects related to differential warming. Figure   5 corresponds to 19°S and shows the expected behaviour in the first two panels, with subgeostrophic v-wind closer to the surface within the core during the relatively warmer hours (Figure 5a corresponds to 8 PM local time at 62ºW) and supergeostrophic v-wind in the colder ones (Fig.   5b ). During the diurnal hours of the first day, the baroclinicity due to differential warming is evident from the constant potential temperature contours slope of Fig. 5a . Associated with the nocturnal thermal inversion present up to 1200 UTC of February 26, a LLJ develops with its maximum located just above the inversion (Fig. 5b) . The v-wind intensity remains practically unaffected during this period.
However, the evolution during February 26 and 27 differs significantly, since the geostrophic component, although weakened during the cold hour (Fig. 5d ) relative to the warm one (Fig. 5c ), remains relatively strong and from the north as it is throughout the period of time illustrated by this figure. Meanwhile, the real wind below 800 hPa progressively increases. Toward the morning of February 27
( Fig. 5d) , the real wind presents two maxima: one around 900 hPa and another at 800hPa, both following the northerly geostrophic wind pattern, although the 10 m/sec contour in the real v-wind covers a larger area. This type of EML was described by ING, who located the LLJ at the base of this EML. In any case, this effect would be less important in this case than in that studied by ING, mainly due to the lower intensity of the westerlies present in this situation (Fig. 5d ).
At 25ºS, the northerly v-wind appears to be less related to local and/or surface effects than at lower latitudes, except for denoting a stronger acceleration during nocturnal intervals. Furthermore, the spatial scale of the northerlies core shows a large longitudinal extent that grows continuously during the period under analysis. The axis of the northerly wind maxima is located slightly above the 800 hPa level approaching the surface during the cold hours (i.e., figure 6d ) and is supergeostrophic practically at all hours. The geostrophic northerly wind has a marked diurnal cycle very close to the topography. However, from 1200 UTC, February 26 a northerly geostrophic wind region which gradually acquires more intensity and areal coverage is observed. This geostrophic v-wind component moves away from the slopes of the Andes and is not linked to differential warming, though it experiences a more marked diurnal cycle on February 27 than on the previous day.
This result would be in agreement with Nicolini and Saulo (2004, manuscript submitted to J. Geophys. Res.) who show that, at these latitudes, the Chaco Jet Events present a stronger diurnal cycle.
At 29ºS (Fig. 7) a LLJ-NAL is observed, with a maximum at relatively warm hours in phase with a maximum of geostrophic wind ( Fig. 7a and Fig. 7c ) and immersed in a northerly wind current longitudinally extended and deeper in vertical extent (Fig. 7d) .
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Focusing on warming over the mountain slope and the expected geostrophic response, a very clear signal centred on 65ºW (figures 7a and c) is identified, while an intense northerly geostrophic wind over the higher mountains is evident at 1800 UTC (not shown). During the cold hours ( Fig. 7b and Fig. 7d ) the northerly wind has a marked ageostrophic character, whereas at 1200 UTC February 27, intense southerlies are observed, consistent with the entrance of the cold air mass.
Analysis of non-local effects
The results obtained in the previous section mainly facilitate the recognition of local effects, which are clearer on the first day of the simulation but which do not completely explain the behaviour of the wind on the second day. In order to demonstrate how much of the geostrophic response is associated with a sustained warming or cooling, daily temperature, geopotential height and geostrophic wind changes are shown. The latter were registered between 0000 UTC February 26 and 0000 UTC February 27 and between 1200 UTC February 25 and 1200 February 27. These fields filter the changes associated with the diurnal cycle and highlight the larger scale changes that take place on those days.
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The changes at 19ºS shown in Fig. 8a , denote a sustained increase of the northerly geostrophic wind centred on 62ºW below 700 hPa, which is independent of diurnal oscillations. The warming registered at 25ºS during both periods ( Fig. 8c and Fig. 8d ) is more marked than at 19ºS, as is also the associated drop in geopotential height and the increase of geostrophic wind (in an area co-located with the intense geostrophic winds illustrated in Fig. 6 ). This warming now has an advective origin since the northerly wind has progressively increased in this latitude during the period of study. This analysis further evidences the geostrophic nature of the LLJ at these latitudes.
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Finally, southward, the removal of the diurnal cycle clearly denotes the geopotential drop close to the surface and the significant warming, which covers a vast meridional extension. Again, warming east of 65ºW, is the result of a sustained warm advection which affects the zone during this day (Fig. 8e ). This pattern was described by Seluchi et al. (2003) who found an important warm advection effect east of the NAL associated with a persistent northerly geostrophic component which is detected practically throughout the entire period east of 65ºW in the present analysis.
The second period (Fig. 8f) is dominated by the signature of the post-frontal cold air entrance that affects all the variables analyzed.
However an area persists east of 62ºW which is still characterized by increased temperatures and an increase in the northerly geostrophic wind centred on 58ºW.
The preceding analysis demonstrates a marked geostrophic component in the periods of highest intensity of the analyzed jet at latitudes north of 25ºS and a strongly ageostrophic character of this current at 29ºS.
The accumulated precipitation field between 1200 UTC February 26 and 1200 UTC February 27 (Fig. 9a ) may help us to understand the origin of this intense ageostrophic component. The observed field (Fig.   9b , derived from the rain gauge network from Argentina, Paraguay, Bolivia, Brazil and Uruguay, available at CPTEC) is included in order to show that, although there are some differences in the location of the observed and the simulated maximum precipitation areas, the intensity is well represented by the model, a fact which demonstrates that the model is a trustworthy tool for the interpretation of physical mechanisms discussed here.
The intense convection that occurred in this period was triggered by the low level convergence noticeable from 2100 UTC February 26
(not shown). The convergence intensifies for several hours as it adopts a NW-SE drift consistent with the frontal orientation verified in Fig. 2d .
The observed strong convection may well account for the existence of the ageostrophic acceleration, consistent with the circulation discussed in Figure 7d . To address whether an Uccellini and Johnson (1979) type of coupling could be active or not, the ageostrophic wind was calculated at all levels and the presence of an indirect cell close to the exit region of the upper level jet has been searched. The existence of such and indirect cell would have justified the northerly ageostrophic component of the circulation at low levels around these latitudes, but it could not been detected, in spite of the proximity of the upper level jet streak. It is worth noting that the along-flow wind-speed gradient is rather weak in this jet, and this is a major factor that dictates the strength of the ageostrophic circulation response. This could be an explanation for the absence of this effect in this particular case. A common feature to all points and/or latitudes analyzed is the presence of a diurnal cycle linked to local effects which is more evident during the first day and a half of the simulation. This cycle was identified not only by a nocturnal maximum of the wind, which results from the less effective turbulent mixing at these hours, but also by the oscillations of the geostrophic wind close to the surface in response to differential warming over sloping terrain which are consistent with the theoretical model. However, during the second day, the diurnal oscillation is superseded by synoptic scale forcing, allowing a mesoscale system to achieve the organization and dimensions proper to a synoptic scale.
The meridional extension of this northerly current reacts basically to a deepening of the NAL in agreement with findings of previous studies based on the analysis of the CJE ensembles (Nicolini and 25 Saulo, (2004, manuscript submitted to J. Geophys. Res.) and . The current study verifies that the associated circulation acquires a geostrophic character. However, as the thermal low moves toward lower latitudes a strong northerly wind persists which is located east of its original position and which presents a marked ageostrophic character that is not explained by a Blackadar type effect. This extension begins to appear between 0300 and 0600 of February 27 in accordance with the first manifestations of the cold air entrance from the southwest. In this way, a strong convergent zone is generated, which is initially detected at 31ºS but gradually affects a wider latitudinal band. Consequently, heavy precipitation is triggered over an area that experienced sustained moist and warm advection from the previous days.
It has been proposed that this precipitation has a positive feedback on the ageostrophic intensification of the wind in the lower levels in accordance with the mechanism invoked by Nicolini et al. (1993) . In a numerical case study of the southerly Great Plains lowlevel jet, these authors analyzed model forecast sensitivity to the presence or absence of latent heating. They found that, although the low level nocturnal jet appears to be established mainly by boundary- Hence the registered temporal and spatial dimensions they achieve in this as in prior studies. The identification of this type of event requires criteria stricter than the substantiation of Bonner's criterion 1 at any one point inasmuch as it combines interactions of various scales.
Although the Eta/CPTEC model adequately represents the essential physical processes of this event, it is also necessary to demonstrate whether the Eta/CPTEC model can indeed capture all the processes which interact in the generation of a CJE. However, it will not be possible to formulate a meaningful answer to this question until high resolution observational data are obtained over this area. 
